Introduction
Cardi ovascular autonomic neuropathy (CAN) is progressive and starts without symptoms. The presymptomatic state is defined as "autonomic dysfunction" (AD). As AD increases in severity, it leads to peripheral autonomic neuropathy, then diabetic autonomic neuropathy (DAN), and, finally, symptoms associated with end-organ failure. This final stage is also known as CAN. [1] [2] [3] In patients with diabetes, autonomic assessment is often based on three time-domain heart rate variability (HRV) ratios: the exhalation/inhalation (E/I) ratio from a deep breathing challenge, the Valsalva ratio, and the 30:15 ratio from an upright posture challenge. 4 DAN is indicated if two of the three ratios are abnormally low. CAN is indicated if all three ratios are low. DAN is a risk factor for CAN, and both DAN and CAN are associated with blood pressure (BP) anomalies, including orthostatic hypotension (OH). [5] [6] [7] [8] Orthostatic hypotension is one of the most incapacitating symptoms of autonomic failure, including CAN, 9 and may be used as a marker for CAN. In diabetes and other chronic diseases, AD and CAN are also associated with orthostatic symptoms. 10 Orthostasis presents earlier in patients with diabetes than in those without. 11, 12 The earlier onset of orthostasis is partly due to the fact that diabetes can accelerate AD and therefore CAN onset. There is a wide variability in the diagnosis of orthostasis, 13 especially in earlier stages when therapy can be lower dose and shorter term. 14 Orthostasis may be difficult to detect and diagnose 13 because both autonomic nervous system (ANS) branches are actively changing in a coordinated fashion during a normal response to postural change: the parasympathetics decrease or withdrawal and the sympathetics increase or surge. 9, 15, 16 Therefore, diagnosing orthostasis requires a test that independently and simultaneously measures the response of both ANS branches, the sympathetic nervous system and the parasympathetic nervous system. Because CAN is treatable in all stages 11, 17 and because orthostasis is often treatable in parallel with the other effects of AD, 11 the American Diabetes Association and the American Abstract cont.
Results:
Changes in parameters from the HRV (without respiration) and ANS methods were compared with changes in heart rate and blood pressure (BP) as measured from one test (test N) to the next (test N + 1). SW with a BP drop of less than the clinical definition may be a trend that can be an early indicator of orthostasis. In this study, patients were treated with low-dose, short-term α 1 -agonist (vasopressor) therapy, which tended to correct the abnormal trend of SW with a drop in BP. Included in the findings was a systolic BP trend in response to vasopressor therapy of an (expected) initial increase in BP followed by an eventual decrease in systolic BP as SW was reversed.
Conclusions:
The ANS method enables quantitative assessment of CAN by independently and simultaneously quantifying the two branches of the ANS, sympathetic and parasympathetic. The ANS method modifies standard spectral analysis of HRV (without RA analysis) by incorporating spectral analysis of RA.
The ANS method appears to model the normal and abnormal responses to upright posture and changes in vasopressor therapy with greater fidelity than the HRV method. Independent, simultaneous assessment of progressive parasympathetic and sympathetic dysfunction, autonomic imbalance, and responses of the two ANS branches to therapy seems to enable early detection and early intervention. Orthostasis, by way of example, illustrates that frequent, sensitive assessments of both ANS branches can improve the negative outcomes associated with CAN.
Heart Association have recommended testing diabetic patients more than once per year to detect symptoms as early as possible to slow progression of AD. [6] [7] [8] 18, 19 Background Sympathetic insufficiency or sympathetic withdrawal (SW) upon assuming an upright posture (standing), as observed in orthostasis, is abnormal and can present as occasional or frequent dizziness or lightheadedness upon standing. The symptoms of frank SW are associated with improper BP or heart rate (HR) changes. A significant decrease in BP upon standing can lead to OH, 20 and a significant increase in BP upon standing can lead to vasoconstrictor syndrome or orthostatic hypertension. 21, 22 A significant increase in HR upon standing can lead to postural orthostatic tachycardia syndrome (POTS).
The abnormal response of a parasympathetic surge upon assuming an upright posture can force the reactionary sympathetics to increase further to maintain proper BP. This inflated sympathetic reaction not only masks SW but also leads to overcompensation. Overcompensation is associated with abnormal increases in BP, potentially leading to hypertension or increases in HR, and possibly tachycardia. 23 To detect and diagnose such a masked SW condition, parasympathetic surges must be clearly differentiated from SW. This differentiation requires simultaneous and independent measures of both parasympathetic and sympathetic branches of the ANS.
Bradley and Davis 20 documented the current algorithm for assessing and treating OH. Currently, several tests are performed to assess the effects of assuming an upright posture on the cardiovascular system. 24 Diagnoses can include syncope, OH, and POTS. The tilt-table study is one standard test for postural difficulties 25 in which a diagnosis is based on symptoms elicited. Since not all patients experience symptoms, an incorrect diagnosis is possible. BP changes resulting from a change in position from supine to standing also reveal postural difficulties. 26 However, they do not sufficiently differentiate autonomic involvement.
An autonomic laboratory typically combines tilt and other studies with HRV measures obtained during deep breathing and Valsalva. 6, 25, [27] [28] [29] In these cases, waveform analysis of HRV measures alone requires highly trained and experienced physicians to assess the underlying AD. 30 Spectral-domain HRV measures (without analysis of respiratory activity) are not very sensitive or specific, and time-domain HRV measures are mixed measures of activity in both ANS branches. 30 The literature specifies that spectral analysis of HRV, combined with an independent spectral analysis of respiratory activity (RA), is the only way to obtain quantitative, independent, simultaneous, noninvasive measures of both autonomic branches. 1, 4, 25, [30] [31] [32] [33] [34] [35] [36] [37] [38] Independently measured and analyzed RA is critical. Fundamentally, two independent measures are required to fully characterize a system with two independent components. HRV is only one such measure. Clinically, HRV is based on a cardiogram, which includes two components: mean HR (mHR) changes over time and respiratory sinus arrhythmia (RSA) changes. These coupled signals are generated from the sympathetics and parasympathetics, respectively, and cannot be uncoupled by studying HRV without respiration. 30 A second independent measure of variability is required to uncouple the two components precisely and quantify them accurately. RA is the second independent measure. The method of spectral analysis of HRV, together with spectral analysis of RA, is called ANS monitoring. This is differentiated from the method of spectral analysis of HRV (alone), which is called HRV monitoring.
Autonomic nervous system monitoring can detect preclinical forms of orthostasis on the basis of sympathetic insufficiency or SW prior to changes in BP or HR. 13, 23, 39 Although the long-term benefits of presymptomatic autonomic therapy have yet to be proven, data in this article suggest that treatment of SW can correct orthostatic symptoms prior to the clinical presentation of orthostasis. Treatments include pharmacologic and nonpharmocologic therapies 40,41 ; however, pharmacologic therapies are more common. These can include pyridostygmine, 42 volume-expanding agents such as fludrocortisone, or α 1 -adrenergic agonists (α 1 -agonist) such as midodrine. 9,11-13 SW, prior to clinically abnormal BP changes, can be corrected using low-dose, short-term pharmaceutical therapies.
This article presents spectral analyses of RA and HRV (ANS method) to assess the responses of both ANS branches to postural change before and after α 1 -agonist (vasopressors) therapy. The objective is to effectively diagnose OH, a potential early marker for CAN. To highlight the efficacy of the ANS method, this article also compares the obtained results with selected standard time-domain and spectral-domain HRV (alone) measures (HRV method), mean HR, and BP.
Methods
We performed autonomic profiling of 184 (142 females) consecutive, arrhythmia-free patients with type 2 diabetes mellitus, serially recruited from ambulatory clinics. Autonomic profiling was performed with the ANX-3.0 autonomic monitoring system (ANSAR Medical Technologies, Inc., Philadelphia, PA). Patients were either receiving an α 1 -agonist prior to ANS testing or had an α 1 -agonist introduced immediately following ANS testing. The patient cohort (Table 1) included 86 (64 female) patients for whom an α 1 -agonist was the only therapy introduced from one test to the next; 37 (33 female) patients for whom the α 1 -agonist was the only therapy discontinued; and 61 (45 female) patients who had an α 1 -agonist on board and for whom no therapy changes were made. Forty-five of the 184 patients in the cohort had a change in BP from sitting to standing that qualified as clinical OH (a decrease of 20/10 mm Hg or more). The clinical diagnosis of OH based on abnormal BP was made prior to dosing for 19 of these patients during this study and for 26 of these patients prior to this study. All patients reported symptoms of OH prior to dosing. The tests averaged 3.1 ± 1.4 months apart; midodrine (ProAmatine) was the α 1 -agonist prescribed. Of the group, 99 patients with type 2 diabetes also had hypertension and 47 also had cardiovascular disease. Patients with supine hypertension were excluded from this study.
The ANX-3.0 uses U.S. Food and Drug Administrationcertified software that computes sympathetic [low frequency area (LFa) 14 ] and parasympathetic [respiratory frequency area (RFa) 14 ] activity using spectral analysis of RA concurrent with spectral analysis of HRV (the ANS method). RA was recorded by impedance plethysmography and HRV was computed from a rhythm strip according to standard methods. 30 The spectralanalysis method is a continuous wavelet transform (CWT) using the normalized complex Morlet wavelet. 12, 14, 43 The ANS method parameters, including the LFa/RFa ratio or sympathovagal balance (SB), were compared with mHR, BP, and the following classical HRV method parameters (also computed by the ANX-3.0 according to the 1996 standards article 30 ): (1) spectral-domain parameters of low frequency (LF), high frequency (HF), and LF/HF ratio [using a standard fast Fourier transform (FFT), with LFand HF-normalized (nu) to total spectral power (TSP)];
(2) time-domain parameters (e.g., sdNN); (3) time-domain ratios (e.g., E/I ratio); and (4) statistical parameters (e.g., max/min HR and range HR [rHR = (max -min)HR]). All parameters were computed over a 5-minute seated (resting) baseline and a 5-minute period that included a quick postural change (in under 5 seconds) followed by quiet standing for the remainder of the second 5 minutes.
A normal, healthy, resting cardiogram is dominated by RSA coupled with slower mHR changes over time. 14 RSA is mediated via the vagus nerve (a significant part of the parasympathetic nervous system), and mHR changes are mediated primarily by the sympathetic nervous system. This coupling represents sympathetic activity (mHR) as modulated by parasympathetic activity (RSA). 30 Uncoupling these components and analyzing them individually using spectral analysis result in independent and simultaneous measures of parasympathetic (vagus) and sympathetic activity. Since the ANS has two independent components, there must be two independent measures to fully characterize it. HRV is only one independent measure. RA is the second measure. Spectral analysis of RA makes uncoupling possible by identifying the average frequency of RSA over a 4-second analysis interval. This frequency is the fundamental respiratory frequency (FRF). a The patient population is also sorted by gender and disease state. For the latter, of these 184 patients with type 2 diabetes, 99 were also diagnosed with hypertension (HTN) and 47 were also diagnosed with a cardiovascular disease (CVD). For row headers with midodrine, plus and minus symbols indicate the presence ("+") or absence ("-") of the α1-agonist in the two consecutive tests being compared. For example, "midodrine (+ -)" indicates that this subpopulation of patients had midodrine on board ("+") during the first of two consecutive tests (test N) for which a 5-minute seated to a 5-minute standing postural change was performed. Then midodrine was discontinued ("-") and approximately 3 months later another seated-to-standing postural change was performed in a second of two consecutive tests (test N + 1). See text for details. Patients with diabetes, without SW, and not on an α1-agonist during this study, "midodrine (--)" patients, had no abnormal changes in BP or HR with postural change and were not included in this study population, as they did not have more than two serial ANS tests over the time of the study.
Akselrod and colleagues 31-34 determined the bandwidth of the parasympathetic portion of the HRV spectrum, and that the parasympathetic band is centered on the FRF. The computed area under the HRV spectral curve within this band represents parasympathetic activity over the analysis interval. This area is labeled the respiratory frequency area (RFa). The parasympathetic measure is based on a moving frequency band that follows the patient's breathing and is narrower than the HF band used in the HRV method.
The low-frequency band 29 is fixed from 0.04 to 0.10 Hz. 30 The area under the HRV spectral curve over this band is the LF parameter from the HRV method. In the ANS method, the RFa frequency band can include portions of the LF band, and for the ANS method, the area under the HRV spectral curve over the remaining portion of the LF band is computed as the measure of the sympathetic activity (LFa). For example, when the patient's breathing rate slows and the area under the HRV spectral curve over the LF region changes, the parasympathetic component is identified and removed from the sympathetic activity computations. This separation relieves the problem of the LF being a mixed measure. 30, [35] [36] [37] These two spectra, along with the ANS and HRV components, are recomputed and updated every 4 seconds. 12, 14, 43 The described patients had more than two serial ANS tests over time. Tests between which medication was not introduced served as the basis for comparison with those tests between which medication was changed: introduced or discontinued. In this manner the patients were their own controls. Because more than two serial tests were considered in this study, but only two consecutive tests were analyzed at any one time, the first test of an analysis couplet is labeled "test N" and the second "test N + 1."
Test couplets between which the α 1 -agonist midodrine was introduced were labeled as "midodrine (-+)." Tests between which midodrine was already on board and no change was made were labeled "midodrine (+ +)." Tests between which midodrine was already on board and then discontinued were labeled "midodrine (+ -)." Patients with diabetes, without SW, and not on an α 1 -agonist throughout this study, e.g., "midodrine (--)" patients, had no abnormal changes in BP and were not included in this study population, as they did not have more than two serial ANS tests over the time of the study. An example of putting the test abbreviations all together is as follows: midodrine (+ -), test N to test N + 1. This population of patients performed a seated-to-standing postural change with ("+") midodrine on board in the first of two consecutive tests ("test N") and then approximately 3 months later performed another seatedto-standing postural change ("test N + 1") without ("-") midodrine on board (see Table 2 ). This population of patients pe r forme d a seated-to-standing postural change without ("-") midodrine on board in the first of two consecutive tests ("test N") of a series of four or more tests. Midodrine was dosed immediately following the test, and then approximately 3 months later the patients performed another seated-to-standing postural change ("test N + 1") with ("+") midodrine on board.
Midodrine (+ -)
This population of patients performed a seatedto-standing postural change with ("+") midodrine on board in the first of two consecutive tests ("test N") of a series of four or more tests.
Midodrine was discontinue d imme diately following the test, and then approximately 3 months later the patients performed another seated-to-standing postural change ("test N + 1") without ("-") midodrine on board.
Midodrine (+ +)
This population of patients performed a seatedto-standing postural change with ("+") midodrine already on board in the first of two consecutive tests ("test N") of a series of four or more tests. The midodrine dose was not changed after the test, and then approximately 3 months later the patients performed another seated-to-standing postural change (" test N + 1") with ("+") midodrine still on board.
Midodrine (--)
This population of patients with diabetes, without sympathetic withdrawal and not on an α1-agonist throughout this study, had no abnormal changes in BP and were not symptomatic. They were not included in this study population, as they did not have more than two serial ANS tests in the time period of the study.
Data were analyzed using SPSS; all correlations were controlled for age. Significant correlations are indicated (*P < 0.0100 and **P < 0.0010). Two-tailed Student t tests (α = 0.10) were performed between female and male populations assuming equal variance. Figure 1 shows the average responses of the ANS (left) and HRV (right) parameters from the predosing test (test N). Figure 1 (left both increased, as expected. Figure 1 (right) shows that the average HRV responses from this cohort included an increase in rHR, LFnu, and LF/HF ratio and a decrease in HFnu and TSP. Figure 2 (left) indicates that LFa increased significantly (P < 0.001) from a seated to a standing position-this is an expected normal response. The mHR, systolic BP, and SB also increased as expected. The average SB increase was larger than for the test N results. RFa decreased as expected, and this average change was larger than that in test N. Figure 2 (right) shows that the average HRV responses among this cohort included little change in rHR and LFnu, an increase in the LF/HF ratio, and a decrease in HFnu and TSP.
Results

Figure 3 displays the changes in ANS and HRV responses to midodrine introduction between test N and
test N + 1. On average, in this population, LFa decreased when the patients' posture changed from seated to upright in test N. As discussed, this is abnormal. After midodrine introduction there was a significant (P < 0.001) change in the response. In test N + 1, the response became normal, an expected increase. This is well correlated (99.34%) with a significant (P < 0.001) change in systolic BP response from an average decrease upon standing (abnormal) to an average increase upon standing (normal) over the same period. SB also increased significantly over this period (P < 0.001), and parasympathetic activity and mHR decreased but not significantly.
Heart rate variability changes shown in Figure 3 (right 
Figure 4 displays ANS and HRV responses among
patients receiving midodrine before test N and discontinuing the agent before test N + 1. On average in these patients, the sympathetic response to posture change from seated to upright was normal, i.e., LFa increased. After midodrine was discontinued, an increase remained. Although this increase was slightly higher than in test N, it was not significant (P = -0.023). Similarly, (Figure 1) to an average increase in systolic BP presented in this figure (P < 0.0010). See text for details.
there was an increase in systolic BP and SB before midodrine was discontinued (test N) and a slightly higher increase after the agent was discontinued (test N + 1). The parasympathetic and mHR responses decreased; none of these changes were significant (P > 0.100).
The HRV responses shown Figure 4 (right) include an average decrease in the change in LFnu following midodrine discontinuation. The same pattern was observed for rHR and LF/HF ratio. HFnu and TSP both increased from test N to test N + 1 as midodrine was discontinued; however, none of the changes were significant (P > 0.100).
Figure 5 displays changes in the ANS and HRV responses of those patients with midodrine already on
board before test N and continued through test N + 1. Among these patients, the sympathetic response on average changed from a slightly positive response in test N to a greater positive response in test N + 1 (P = 0.010).
Note that a positive response indicates the expected increase in sympathetic activity after a seated-tostanding postural change. SB and systolic BP also increased from test N to test N + 1. The change in SB response was not statistically significant (P = 0.124); however, the change in systolic BP response was (P < 0.01). Parasympathetic and mHR responses decreased but not significantly (P > 0.100) in this period. The HRV responses shown in Figure 5 include an average increase in the LFnu, HFnu, LF/HF ratio, and TSP responses. Only rHR decreased from test N to test N + 1 while patients received midodrine. None of the changes HRV responses were significant (P > 0.040).
Figure 6
presents results from 22 cases that had more than four tests. The solid line in Figure 6 shows the sympathetic response (ΔLFa) to a change from seated to standing for each test. The trend from pre-to postdosing appears to indicate a normalization of the sympathetic response. In response to normalization of sympathetic activity, the average systolic BP (ΔsBP; Figure 6 , broken line with triangles) response upon standing changed from negative (abnormal drop in systolic BP) to positive (expected rise in systolic BP). The associated trend in resting systolic BP is represented by the broken line with filled asterisks in Figure 6 . The trend indicates a rise in resting systolic BP immediately after midodrine dosing, followed by a decrease in resting systolic BP several months thereafter.
Overall changes-the change from test to test in the responses to standing up, abbreviated as ΔΔ-for the three medication states are presented in Table 3 (ANS method, mHR and BP responses) and Table 4 (HRV method). The average mHR responses were not statistically significant and included a decrease in response to an introduction ["midodrine (-+)"] or a continuation of midodrine ["midodrine (+ +)"] and a slight increase in response to discontinuation of midodrine ["midodrine (+ -)"].
As expected, changes in BP responses to upright posture with midodrine were statistically significant. On average, both systolic and diastolic measures increased with the introduction of midodrine and decreased when midodrine was discontinued. Among patients already receiving midodrine and no change in dosing was made, the average systolic pressure response to upright posture increased from test N to test N + 1 and the average diastolic pressure remained approximately the same. The overall average changes in RFa responses to upright posture were only statistically significant when midodrine was continued. The overall average changes in mHR and in the HRV (alone) measures (Table 4) were not statistically significant.
There is an unintentional female bias to the sample population. Student t tests were performed on the sample subpopulations [midodrine "(-+)," "(+ -)," "(+ +)"], and case data. All t test results were insignificant (all results were greater than 0.425), suggesting that the two
Discussion
The ANS method modifies standard spectral analysis of HRV by incorporating a second independent measure of the ANS: spectral analysis of RA. The ANS method further advances the current state of the art by substituting the CWT spectral analysis technique for the FFT technique. This substitution relieves the time-frequency compromise and the assumption of signal stationarity inherent in FFT spectral analysis. As presented herein, the ANS method (unlike the HRV method) yields independent and simultaneous measures of sympathetic (LFa) and parasympathetic (RFa) nervous system activity. The HRV method offers a mixed measure (LF) of the two branches 30 and the HF. HF is a broad, fixed frequency band that can only quantify parasympathetic activity if Also shown is the resting systolic BP (broken line with filled asterisks; the scale is on the right). These are averages from 22 of the patients from the cohort who had more than four serial tests. The test series are centered on the test just prior to which midodrine was introduced (designated on the abscissa as "D"). See text for details. the breathing frequency is high enough and is computed from an analysis window that is wider than needed for any given analysis period. Therefore, the ANS method is an improvement in the fidelity with which it can individually categorize expected changes in sympathetic and parasympathetic activity. When used to assess patients with type 2 diabetes with orthostasis, the ANS method accurately represents the autonomic changes in response to the upright postural challenge (as correlated with changes in BP and HR) and changes in vasopressor therapy.
Results showed that in orthostatic patients responding to postural change, the abnormal decreases in sympathetic and systolic BP responses will normalize (increase with a change in posture) with the introduction of α 1 -agonist (vasopressor) therapy. Data also showed that the trend in systolic BP over time in response to vasopressor therapy did increase initially, but eventually decreased ( Figure 6 ). Extrapolating this trend to the physiology, the eventual decrease in systolic BP may be the result of normalizing the vascular response to upright posture. This normalization may then reduce the workload of the heart by more appropriately supporting blood in the abdomen while standing and ensuring proper brain perfusion. This normalization may also be associated with the statistically significant and expected decrease in the parasympathetic response ("ΔΔP," Table 3 ) only seen with continuation of vasopressor therapy.
Considering the results of the two methods presented for ANS assessment, the sympathetic measure, LFa, from the ANS method decreased significantly in response to assuming an upright posture in the symptomatic (predosing) state (Figure 1) . This correlated with a concurrent (abnormal) drop in systolic BP upon standing. With the introduction of midodrine (Figure 2) , LFa increased and was correlated with an increase in systolic BP upon standing (as corrected with vasopressor therapy). With the continuation of vasopressor therapy (Figure 5) , the subsequent changes in LFa were smaller and the changes in systolic pressure less significant (Table 3) . This may be a result of the plasticity of the nervous system and the normalization of its responses as a consequence of therapy.
In the predosing state (Figure 1) , the HRV method LFnu, LF/HF ratio, and rHR measures increased in response to standing and HFnu and TSP decreased. In response to vasopressor introduction, the LF/HF ratio increased, changes in LFnu and rHR were marginal, and HFnu and TSP decreased (Figure 2) .
The ANS method continued to model the expected results of the introduction (Figure 3), continuation (Figure 5) , and discontinuation (Figure 4) of vasopressor therapy. The HRV method results were not as well correlated.
Overall, results of the HRV method did not significantly reflect the expected abnormal or normal responses of the sympathetic and parasympathetic nervous systems in response to a change in posture.
Conclusions
Cardiovascular autonomic neuropathy is a progressive disease. In diabetic patients, an early indicator of CAN is DAN, which in turn can be preceded by OH. A smaller drop in BP along with SW (as diagnosed by the ANS method) may be an earlier indicator of orthostasis and therefore CAN. In this study, patients were treated with low-dose, short-term α 1 -agonist (vasopressor) therapy, which tended to correct the abnormal trend of SW with an unexpected drop in BP. Included in the findings was a systolic BP trend in response to vasopressor therapy of an (expected) initial increase in BP followed by an eventual decrease in systolic BP. The ANS method seems to model the abnormal and the normal responses to upright posture and changes in vasopressor therapy with greater fidelity than the HRV method.
Independent, simultaneous assessment of progressive parasympathetic and sympathetic dysfunction, autonomic imbalance, and the responses of the two ANS branches to therapy enables early detection and early intervention. Orthostasis, by way of example, illustrates that frequent, sensitive assessments of both ANS branches can improve the negative outcomes associated with CAN.
